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Abstract 
In accordance with the conventional design of superconducting power transmission (SC PT) line, HTS cable 
should be placed into a carefully heat-insulated cryopipe filled with cryogen (usually liquid nitrogen, LN2) in order to 
maintain its temperature low. Circulating LN2 removes heat penetrating through the insulation layers. The circulation 
rate depends on the heat load and the length of the line. Since LN2 working temperature range is restricted, it is easy 
to show that pressure drop, ǻp, increases dramatically being almost cubic function of the cable length, L, and 
quadratic function of the specific heat load, q: ǻp v Ln+1qn, where n = 1.75...2.0. Great efforts should be made to 
reduce heat load on the system and hydraulic friction inside the channels. Last requirement is contrary to common 
practice since the entire existing test SC PT lines are constructed using corrugated cryopipes which exhibit very high 
ǻp. Smooth cryopipes separated by short bellows inserts should be used instead. A small increase in diameter of the 
cryopipe also produces a large decrease in the pressure drop. The experimental results obtained at the new 200 m 
facility at the Chubu University confirm our approaches to the design of the long SC PT lines. 
 
PACS: 84.71.-b 88.80.H- 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
Keywords: power transmission; high-temperature superconducting cables; cooling system; pressure drop 
 
1. Introduction 
The development of modern society objectively leads to an increase in energy consumption, but the 
amount of the fossil fuels in the Earth are limited, therefore it raises the vexed question how to reduce the 
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energy losses and change over to renewable sources. Optimization of the energy distribution is also 
important to reduce the impact of natural and technological disasters. According to most researchers, the 
energy transfer systems based on superconductors meet these requirements. Great efforts were made to 
develop SC PT lines have led to the construction of a significant number of hundred meter class 
experimental facilities (see Table 1). The technology is already developed sufficiently well and short 
distance SC PT lines can be used in the industry at present. Notwithstanding the significant design feature 
differences, different types of HTS cables used and a wide range of operating voltages and currents, all 
operating projects are characterized by the use of flexible corrugated cryopipes and transfer AC current. 
Several research groups are already working on the construction of SC PT lines of a few kilometers class. 
The most interesting among the others is the project of the development of a 6 km 250 MVA HTS cable 
for installation in the Alliander’s HV grid in Amsterdam [1]. A number of issues which were underrated 
in the past assume great importance now. The necessity of overcoming significant hydraulic friction in the 
long cryopipe is one of the problems. Because of the hydraulic friction losses are relatively small in the 
existing short distance lines and power of the pumps used are much more than sufficient, the pressure 
losses were usually neglected. Corresponding data had been published in summary form without analysis. 
Papers considering the pressure loss in the cryopipes began to appear in recent years, but they do not 
contain specific recommendations and suggestions for its reduction [2, 3]. From an economic point of 
view, the maximum distance between the intermediate pumping stations should be achieved in order to 
significantly reduce cost of equipment and maintenance expenses. In some cases, such as the laying of 
submarine cables (for example, North Africa - Europe, Russia - Japan), the distance between the 
intermediate stations are strictly determined by the location of islands and shallows, and can reach tens of 
kilometers. 
Table 1. Representative HTS cable projects. 
Project 
title 
Length, 
m 
Power, 
MVA 
Phases AC loss, 
W/m/phase 
Heat leak, 
W/m 
ǻT, K ǻp, bar (Pa, Pa/m) Refs. 
Albany 320+30 48 3-in-1 0.7 at 0.8 kA 2.9 1.5 (work. 
mode) 
0.7 bar at 50 L/min [4] 
KEPCO 100 50 3-in-1 2.27 at 1.25 kA 2.2 0.73 at 40 
L/min 
 [5, 6] 
LIPA 600 574 3 4.28/3 at 2.4 kA 1.3x3  1.37 bar at 0.375 kg/s [7] 
Super-
ACE 
500 77 1 1.34 at 1 kA 1.21  100/380 Pa/m at 50 
L/min (out./in. channel) 
[8] 
 
The heat capacity of LN2 is high enough and under the existing thermal insulation and conventional 
circulation rate the temperature difference between the outlet and the inlet of the cryopipe does not exceed 
1-2 K (Table 1). If necessary, ǻT can be easily increased by reducing the mass flow rate and consequently 
pressure drop will significantly reduce. 
The situation is essentially different in the case of long SC PT lines. On the one hand, the total heat 
inflow is so high that ǻT should be as large as possible in order to keep the circulation rate low. On the 
other hand, the working range of LN2 is limited below by the freezing point and above by the boiling 
point been only 77.4 K - 63.2 K = 14.2 K at 1 atm. Although it can be expanded by increasing the 
pressure in the system (comprising, for example, 20.6 K at 2 atm.), but the lower temperature limit (the 
freezing temperature) remains almost unchanged. Consequently, the expansion of the working range leads 
to an increase in temperature at the outlet and hence to reduce the critical current. Therefore, there is a 
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strong physical constraint on ǻT in this case, which can be not taken into account for the short lines. For 
definiteness, ǻTmax can be prescribed to be 10 K. 
 
Nomenclature 
 
A cross sectional area, m2    q specific heat load, W/m 
Cp specific heat, J/kg K    qf specific frictional heating, W/m 
D diameter, m     Re Reynolds number, dimensionless 
Dh hydraulic diameter, m    ǻT temperature difference, K 
f friction factor, dimensionless   ǻTmax maximum permissible ǻT, K 
L cryopipe length, m    H mean height roughness, m 
m  mass flow, kg/s     P dynamic viscosity, Pa s 
n index of power, dimensionless   v flow velocity, m/s 
ǻp pressure drop, Pa     ȡ density, kg/m3
 
It is considered the pressure drop is proportional to the length of the pipeline. However, it is true only if 
the mass flow rate is constant. However as we have seen, maintaining a constant mass flow ǻT can be 
increased only to a certain limit. Let’s estimate the effect of restriction of ǻT on the relationship between 
the length and the pressure drop. If we neglect the concentrated heat loads at the terminals, the mass flow 
of LN2 required to remove the incoming heat and the heat released due to the friction is 
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The mass flow is related with the flow velocity by following expression 
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The pressure drop can be calculated using Darcy-Weisbach formula 
 
2
2v
D
Lfp
h
U '   (3)
 
If we ignore the frictional heat generation qf which is usually much smaller than q, then a new 
expression for the pressure drop can be immediately obtained from Eqs. (1-3) 
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The behavior of the friction coefficient f for the fluid flows in circular pipe is well-studied 
experimentally. For the turbulent flow regime (Re>4000) which is always realized in actual HTS cable 
cooling channels, f weakly depends on the flow velocity and in the extreme case of hydraulically smooth 
pipes is described by a semi-empirical Blasius formula, being dependent only on Re 
 
25.0Re3164.0  f   (5)
 
where the Reynolds number Re is proportional to the flow velocity 
 
P
U hvD Re   (6)
 
This dependence weakens and the contribution of the relative roughness, H/Dh, appears while Re 
increases. It can be approximated by the implicit Colebrook-White correlation 
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At the high flow velocity f is independent of the Reynolds number and the other extreme case namely 
quadratic law of resistance is realized. Consequently, taking into account the important fact that 
ǻT=const, from Eqs. (4-7) it follows immediately that 
 
2...75.1,1  v'  nqLp nn   (8)
 
Reduction of ǻp to the lowest practicable level is critical to construct the long SC PT line of high 
efficiency. As already stated, this requirement is contrary to common practice since the entire existing test 
SC PT lines are constructed using flexible corrugated cryopipes which exhibit very high hydraulic 
resistance. Corrugated cryopipes are reasonably used to simplify cable laying process, but this approach 
has a number of shortcomings in other cases. On the basis of these considerations, smooth cryopipes were 
used in the experimental facility at the Chubu University. 
Eq. 8 well illustrates one important advantage of DC over AC, namely that at the same conditions only 
due to the lack of AC loss the cryopipe segment between the cooling substations may be much longer. A 
merit can be easily estimated by
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2. Experimental 
The experimental facility at the Chubu University is a 200-meter DC HTS cable system built in 2009-
2010. DC SC PT has many advantages with respect to AC one [9] which determined the theme of our 
research: design and development of SC PT line having record length of the cable and the highest 
economic efficiency of the system. It should be noted that DC transmission attracts more and more 
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attention and several facilities are under developing now, but 20 m and 200 m experimental lines at the 
Chubu University are still unique up to the present moment. The last one is equipped with several 
important improvements fundamentally distinguish it from all others. As mentioned above, the smooth 
cryopipe is used instead of the conventional corrugated one to reduce pressure loss. A so called Peltier 
current leads are used to decrease heat leak at the terminals; the terminals are made movable to 
compensate for the shrinkage during cooldown; outer pipe of the double-pipe vacuum thermal insulation 
is made of large diameter in order to improve the condition of evacuation of air from the system [10, 11]. 
The cable route has a height difference of 2.6 m for the purpose of exploration of a natural circulation of 
LN2. An automated measurement system allows to interrogate more than 500 sensors with a period of 3 s. 
A series of experiments to determine the dependence of the pressure drop on the mass flow was carried 
out to check the effectiveness of the proposed design. LN2 flows through a fairly narrow space between 
the rough surface of the cable sheath of the diameter of 35 mm and the inner smooth surface of the 
cryopipe with the diameter of 57.2 mm. The circulation pump capacity is up to 30 L/min and head 
pressure is up to 0.16 MPa. During experiments the mass flow was in the range of 4-17 L/min that 
corresponds to the flow rate of 0.04-0.18 m/s and Reynolds numbers of 4500-19200. Averaged over 10 
min data are shown in Fig. 1. The design curve is also given. 
 
 
Fig. 1. (left) Experimental pressure drop as a function of LN2 flow rate. Blue curve shows estimated behavior of ǻp. Orange one is 
the same design curve corrected for the thermal siphon effect which obviously manifests itself at high ǻT (low flow rates). 
Fig. 2. (right) Dependence of the pressure drop and LN2 flow rate on the inner diameter of the cryopipe and temperature difference 
for future 2 km experimental facility. Geometric parameters of the cables and the cryopipe are the same as those of 200 m facility. 
 
The friction factor was calculated by Eqs. 5, 7 as a weighted sum of contributions of the smooth 
cryopipe wall and the rough cable sheath proportional to their wetted perimeters. 
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Despite the fact that Eqs. 5, 7 were developed for circular pipes, we have obtained a good agreement 
between calculated and measured values in the case of channel of complex cross section. Therefore we 
arrive at the important conclusion that our physical model can be used to estimate with sufficient 
accuracy the pressure losses in smooth cryopipes. 
After successful tests, it was decided to begin to realize a new project, namely 2 km DC SC PT line. 
Fig. 2 shows a behavior of two parameters, the pressure drop and LN2 flow rate, as a function of the fixed 
temperature difference and the cryopipe inner diameter. This graph is convenient to select an appropriate 
pump. It can be seen that it is enough to expand temperature range to 5 K to be possible to extend cable 
up to 2 km using the same pump to circulate LN2 through the cryopipe of the same diameter as in 200 m 
facility. 
 
3. Conclusions 
The importance of minimizing the pressure loss in the cooling channels of the SC PT line was 
examined from the hydrodynamics point of view. The advantage of application of the smooth cryogenic 
pipes instead of commonly used corrugated pipes was shown. The experimental data allowed to choose a 
physical model which provides a good accuracy of the calculated overall hydraulic friction coefficient of 
the channel of complex cross-section. The dependences obtained were used in the design of a new 2 km 
SC PT line is planned to be constructed in the Chubu University in 2013-2014. Recommendations were 
made to reduce the pressure drop, which may allow an increase in the cable length of several tens of 
percent without increasing the cost of the refrigerant circulation. 
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